We report on a polarization-insensitive liquid crystal ͑LC͒ Fresnel lens with the centrosymmetry of dynamic focusing in an orthogonally alternating hybrid configuration. The polarization-insensitive Fresnel lens having such successive orthogonal hybrid alignment in two adjacent zones was fabricated using a single-masking process through two-step exposure of a linearly polarized ultraviolet light. It was found that the dynamic focusing property of the LC Fresnel lens is electrically controllable and entirely centrosymmetrical irrespective of the polarization state of an incident light. 12 or the orthogonal alignment of the LC molecules in neighboring zones 13 has been proposed to eliminate the polarization dependence. Although these approaches lead to no polarization dependence, they require an extremely precise alignment technique, a multirubbing process, and an elaborate photolithographic technique for practical applications.
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The Fresnel lenses [1] [2] [3] [4] in two types of blazed or binary structures play an important role in various optical systems [5] [6] [7] for optical information processing, optical interconnection, and three dimensional display systems. Conventional Fresnel lenses, fabricated by electron-beam writing 8 or thin film deposition, 9 have several demerits such as the static focusing ability and tight fabrication tolerance. Recently, Fresnel lenses based on liquid crystals [10] [11] [12] [13] ͑LCs͒ have been developed for real-time reconfigurable optical applications of fast optical switching, beam steering, and wave front shaping. However, in most LC optical devices except for a few gratings 14, 15 and phase modulators, 16 the intrinsic uniaxial anisotropy of the LC results in the polarization dependence on the incident light. Thus, the orthogonal cascade of two LC Fresnel lenses 12 or the orthogonal alignment of the LC molecules in neighboring zones 13 has been proposed to eliminate the polarization dependence. Although these approaches lead to no polarization dependence, they require an extremely precise alignment technique, a multirubbing process, and an elaborate photolithographic technique for practical applications.
In this letter, we report on a polarization-insensitive liquid crystal ͑PILC͒ Fresnel lens with the centrosymmetry of dynamic focusing in a binary-phase type 4 in an orthogonally alternating hybrid configuration. The PILC Fresnel lens was fabricated through a single-masking process of photoaligning the LC without an additional process. The photopolymer used in this study is capable of homogeneously aligning the LC molecules under the illumination of a linearly polarized ultraviolet ͑LPUV͒ light. Note that the LPUV aligning capability of the photopolymer allows for essentially a singlemasking process. The orthogonality between the optic axes in two adjacent zones in an alternating hybrid configuration leads directly to the polarization-insensitive property of the Fresnel lens irrespective of the polarization state of the incident light. Moreover, the centrosymmetric focusing property of this PILC Fresnel lens is electrically controllable.
Figures 1͑a͒ and 1͑b͒ show schematic diagrams of our PILC Fresnel lens having the centrosymmetry of dynamic focusing under no applied voltage and a high applied voltage, respectively. In this type of the Fresnel lens, the diffraction efficiency is electrically controllable and it has the maximum at the relative phase shift of . It is known that in a binary-type Fresnel lens, the radius R m of the mth zone is determined by R m 2 = mR 1 2 , where R 1 is the radius of the innermost zone. The focal length f of the Fresnel lens is simply related to the innermost radius R 1 as f = R 1 2 / , where is the wavelength of the input light.
We first examine theoretically the polarizationinsensitive diffraction efficiency of our LC Fresnel lens shown in Fig. 1 . The polarization of the incident light propagating along the z axis can be decomposed into two orthogonal polarization components of cos x and sin ŷ, where represents the input polarization direction with respect to the x axis. The x component ͑or the y component͒ of the incident light passing through odd ͑or even͒ zones experiences the phase retardation of 2n eff d / , where n eff and d denote the effective refractive index and the cell thickness, respectively. The phase retardation through even ͑or odd͒ zones remains to be 2n o d / , where n o is the ordinary refractive index of the LC. As a result, the relative phase shift between the odd and even zones is given by ⌬ =2͑n eff − n o ͒d / , which is electrically controllable.
In our case, the vector associated with the transmittance function in the Fresnel diffraction equation 17 
where
where rect͑x͒ is 1 for ͉x͉ ഛ 1 / 2 and 0 otherwise. Here, M and ⌬ represent the number of the zones and the relative phase shift, respectively. The amplitude of the nth Fourier component ± ͑n͒ , derived from Eq. ͑2͒, is given by
Then, for ⌬ = and n = −1, the diffraction efficiency in the focal plane can be obtained from Eqs. ͑2͒ and ͑3͒ as
͑4͒
where sinc͑x͒ = sin͑x͒ / x. It is clear that the diffraction efficiency in Eq. ͑4͒ is constant irrespective of the polarization state of the incident light. We now describe the experimental results for the centrosymmetry of dynamic focusing of our LC Fresnel lens. The PILC Fresnel lens in a binary type was fabricated using a single-masking process as shown in Fig. 2 . In order to obtain the orthogonally alternating hybrid alignment in neighboring zones, the photopolymer of LGC-M2 ͑LG Cable Ltd., Korea͒ was spin coated on one of two substrates for homogeneous alignment and the polyimide of JALS-203 ͑Ja-pan Synthetic Rubber Co.͒ on the other for the homeotropic alignment. The LGC-M2 produces the homogeneous alignment of the LC molecules under the LPUV exposure along a certain direction which can be repeatedly defined according to the polarization direction of the last UV exposure. 15 Such aligning capability of the photopolymer permits to align the LC molecules orthogonally in neighboring zones. As shown in Fig. 2͑a͒ , the whole region of the photopolymer layer was first illuminated with the LPUV to produce the homogeneous alignment of the LC molecules along the y direction. A subsequent LPUV exposure through a zone plate-type amplitude photomask was carried out to align the LC molecules perpendicular to the initial alignment direction ͑the y direction͒ as shown in Fig. 2͑b͒ . An orthogonal alignment in neighboring zones in Fig. 2͑c͒ was then produced. Such binary-type substrate and the homeotropic substrate were assembled to produce our LC Fresnel lens. The LC material used in this study was MLC-6082 of Merck. The dielectric anisotropy ⌬⑀ = 10.0, the ordinary refractive index n o = 1.4935, and the extraordinary refractive index of LC n e = 1.6414. The cell gap was maintained using glass spacers of 7.5 m thick. Note that the focal length of the PILC Fresnel lens is governed by the physical dimensions of transparent odd zones and opaque even zones in the photomask. The photomask has a focal length of 30 cm at the wavelength of 543.5 nm and consists of 80 zones in the aperture size of 7.2 mm. The radius R 1 of the innermost zone is 403.8 m.
Figures 3͑a͒ and 3͑b͒ show microscopic textures of orthogonally alternating hybrid regions in the PILC Fresnel lens observed under crossed polarizers at 1 and 10 V, respectively. The principle axes of the LC at even and odd zones were oriented at the angles of ±45°with respect to the polarizer. No difference between even and odd zones was observed, implying that the input light experiences same phase retardation. The phase retardation is at 1 V and 0 at 10 V.
We measured the diffraction efficiency of our Fresnel lens as a function of the applied voltage in the focal plane. A He-Ne laser of the wavelength of = 543.5 nm was used as a light source. The diffraction efficiency is plotted as a function of the applied voltage in Fig. 4 . In the case of no applied voltage, the cell thickness d = 4.1 m is needed to have ⌬ = . For our LC cell with d = 7.5 m, the relative phase shift of ⌬ = occurs at 1 V. The maximum diffraction efficiency was measured as about 0.35, which is somewhat smaller than the theoretical value of 0.41. The discrepancy comes from the initial curvature distortions at the boundaries of alternating orthogonal zones, dark rings seen in Fig. 3͑a͒ . At 10 V, the LC molecules become oriented perpendicular to the substrate plane and thus the effective refractive index n eff ap- proaches n o . Thus, the diffraction efficiency of the PILC Fresnel lens reduces asymptotically to zero as shown in Fig. 4 . For studying the dynamic focusing properties, the images of a laser beam at 1 and 10 V were captured by a charge-coupled device ͑CCD͒ camera in the focal plane. Two insets in Fig. 4 show the focusing and defocusing properties of the PILC Fresnel lens at 1 and 10 V. As the applied voltage increases from 1 to 10 V, the relative phase shift disappears and thus the focused laser beam becomes a Gaussian beam at 10 V as seen clearly in the intensity profiles represented by white lines in Fig. 4 . The focusing and defocusing times were about 35.4 ms for the voltage from 10 to 1 V and 10.5 ms from 1 to 10 V, respectively. Figure 5 shows the diffraction efficiency possessing the centrosymmetry irrespective of the polarization state of the incident light for several applied voltages. Open circles, triangles, and closed circles represent the diffraction efficiencies at the voltages of 0, 1, and 10 V, respectively. A linearly polarized incident beam was rotated counterclockwise from 0°to 360°with respect to the x axis. The magnitude of the diffraction efficiency is given by the radius of the circle, and the polarization direction of the incident beam is denoted by the angle . As shown in Fig. 5 , it was found that our PILC Fresnel lens has the polarization independence which is well preserved under any applied voltage.
In summary, we have demonstrated a binary-type PILC Fresnel lens which possesses the centrosymmetry of dynamic focusing. The single-masking process presented here is simple and powerful to fabricate LC-based optical devices that need orthogonally alternating hybrid zones such as the PILC Fresnel lens. Finally, the electrical tunability together with the polarization independence of our LC Fresnel lens would be applicable for a variety of optical systems. 
